A facile hydrothermal method was used to obtain uniform Ba 1−x Sr x TiO 3 (BST) nanopowders. The uniformity of the synthesized powders varied with the addition of ethanol and diethylene glycol (DEG). The formation of amorphous colloidal precipitates occurred during the addition of ammonia solution. The gel-like colloids promotes faster and more uniform reaction. They cause enhancement in the uniformity of the synthesized BST particles. Morphological changes such as size and uniformity, were observed using scanning electron microscopy. Changes in the lattice parameter and compositional changes of the synthesized BST powders in response to the strontium (Sr) molar concentration were characterized using X-ray Fluorescence and X-ray diffraction. The synthesized BST powders possessed the designed stoichiometric proportions. Two parallel conductive plates were aligned and fixed using commercial cellophane tape to have small gap to contain liquids. These were designed to measure the dielectric permittivity of the synthesized powder slurries having different volume fractions. The permittivity of the powder was obtained under the assumption of 100 vol% of powder by calculating the extrapolation based on the measured values using the generalized dielectric mixture rule.
INTRODUCTION
Perovskite oxides possess various interesting characteristics including such as piezoelectric, pyroelectric, ferroelectric, and dielectric properties. [1] [2] [3] [4] Among many kinds of ternary perovskite oxides, titanium-based perovskite materials such as barium titanate (BaTiO 3 have been extensively studied for several decades. [5] [6] [7] In recent years, solid-solutions of more than two components have attracted interest due to their tunable properties. Barium strontium titanate (BST) is one of the most studied materials because of its Br/Sr composition-dependent Curie temperature (T C and relaxor-like behavior. 8 In previous studies, Sr molar concentration-dependent changes in the dielectric property were demonstrated. Ba 1−x Sr x TiO 3 ceramics with x ≤ 0 2 exhibited normal ferroelectric characteristics. Relaxor ferroelectric behavior was observed at higher Sr molar concentration. 9 10 These solid-solutions can more easily be obtained within a relatively low temperature range when the initial BaTiO 3 * Author to whom correspondence should be addressed.
and SrTiO 3 powder size are small enough to achieve exchange of materials. The Ba 1−x Sr x TiO 3 solid-solution powders would be even more beneficial for lower temperature sintering. Uniformity of powder size is also important for the actual application because higher green density can be achieved compared to a green body made of irregular particles. To obtain uniform and nano-sized BST powders, various wet-chemical methods have been studied. 4 11-16 In this paper, we introduce a facile hydrothermal method to synthesize monodisperse Ba 1−x Sr x TiO 3 nanopowders having a designed Sr molar concentration (x = 0 2, 0.4, 0.6, 0.8). Changes in the size and uniformity of the particles with addition of ethanol and diethylene glycol (DEG) were observed using scanning electron microscopy (SEM). The composition and the involved phase changes of the synthesized powders were characterized using X-ray fluorescence (XRF) and X-ray diffraction (XRD). A simple apparatus was designed to measure the dielectric permittivity of the synthesized nanopowder when dispersed in slurries. The dielectric permittivity of the powder was calculated in accord with the composite mixture equation. an hour. The resultant suspension was stirred for an hour, then, sealed in a 100 ml Teflon-lined stainless-steel autoclave with a fill factor of 70%. The hydrothermal reaction was conducted at 200 C for 24 h under autogenous pressure. After the reaction, the autoclave was cooled to room temperature. The resultant powder was repeatedly washed using high purity ethanol and deionized water, and subsequently dried at 80 C for 24 h in air. For the preparation of a control sample, diethylene glycol and ethanol were not added at the titanium precursor preparation step while the other precursors and the reaction condition were fixed.
Characterization
The morphology of the particles was observed using fieldemission scanning electron microscopy (FE-SEM; Model XL30, Philips, Amsterdam, the Netherlands) and the particle size was measured from the SEM images with magnification of ×10 6 using Image J software. The microstructure of the synthesized BaTiO 3 powder was investigated using X-ray diffraction (XRD) (Rigaku (12 KW) , Tokyo, Japan) with CuK radiation ( = 1 5148 Å) operating at 40 kV and 300 mA with step size of 0.01 at 1 min −1 in a 2 range from 20 to 80 . The permittivity of the synthesized BST powders was measured using a slurry dielectric constant measurement method. The desired volumetric amount (2.5, 5, or 10 vol%) of powder was dispersed in ethanol and dispersant (DISPERBYK-103: 5 vol% of dispersant in ethanol), then mixed using sonication and stirring. To obtain the permittivity of the prepared slurries and ethanol-dispersant solution, two 50 mm-diameter-plates were aligned with 1 mm of gap between two plates. The two parallel plates were fixed with transparent commercial cellophane adhesive tape surrounding the rims of two plates. The prepared slurries and mixture solution were injected between the two plates by a syringe. All slurries were measured with an impedance analyzer (Hewlett Packard 4194A, Impedance, and Gain Phase Analyzer) at 22 C and 1 MHz.
RESULTS AND DISCUSSION
Figure 1(a) shows SEM images of the Ba 1−x Sr x TiO 3 (BST) nanopowders synthesized at 200 C for 24 h with addition of organic solvents. Overall, BST nanopowders at sizes under a few hundred nanometers were obtained from all batches. Irregularly-shaped particles were frequently observed in the samples synthesized without any solvent addition. The size distribution was improved when the titanium precursor was mixed with ethanol and diethylene glycol before hydrolysis. This enhancement of dispersity could be closely related with the hydrolysis step. In a previous study, we found that ethanol was a crucial solvent to promote the formation of Ti(OH) 4−x + x in our synthesis route. This fast formation of Ti(OH) 4−x + x could increase nucleation sites and suppress particle growth. Chen et al., reported that a controlled hydrolysis rate and welldispersed colloidal particles were obtained from use of a mixture of ethanol and the titanium alkoxide precursor. 17 Likewise, diethylene glycol (DEG) also affects the hydrolysis reaction.
In some reports, the use of DEG was beneficial for obtaining very small, well dispersed BaTiO 3 nanoparticles. 18 19 When DEG is mixed with precursor solvents, it helps to form amorphous gel-like colloidal particles during hydrolysis, with to the addition of ammonia. In our previous study, the hydrolysis of Ti(OBu) 4 using ammonia solution would also promote faster and more uniform reaction, caused by the breakage of Ti-O-Ti bonds to form amorphous TiO 2 phase. [20] [21] [22] These gel-like colloids will easily react with the Ba 2+ and Sr 2+ ions in barium strontium hydroxide aqueous solution, resulting in the instantaneous formation of small and spherical crystalline particles inside colloids, and the particle growth will occur during hydrothermal conditions. For these reasons, the addition of ethanol and DEG solvent to Ti(OBu) 4 precursor helps to enhance the uniformity of the resultant BST nanopowders. It also caused particle size reduction by lowering the surface energy of the particles.
The crystal structures of the synthesized BST nanopowders were determined using X-ray diffraction. The obtained diffraction patterns are shown in Figure 2 , and in Figure 2(a) , the synthesized nanopowders have no peak separation or shoulder peaks. This means that they are all cubic structures without any impurities such as barium carbonate or strontium carbonate. The patterns were slightly shifted from lower to higher angles with respect to the increase of the strontium concentration. In the Figure 2 Figure 2(c) . As the strontium concentration increases, the lattice parameters declined (x = 0 2, a = 3 9904 Å → x = 0 8, a = 3 9347 Å). The lattice shrinkage could easily be expected to correspond to the strontium concentration increase because the ionic radius of a Sr 2+ ion is smaller than that of a Ba 2+ ion. Detailed information, including XRF results about the synthesized nanopowders is summarized in Table I . Taking these results into account, it was determined that the synthesized BST nanopowders have the designed stoichiometric composition. The expected reaction scheme for the hydrothermal synthesis of Ba 1−x Sr x TiO 3 nanopowders with the presence of ethanol and DEG is depicted in Figure 3 . Colloidal amorphous TiO 2 precipitates were formed that could rapidly react with Ba 2+ and Sr 2+ ions. This caused initial particles to have a size of a few nanometers. Both A simple apparatus was prepared to measure the dielectric constant of liquids, as shown in Figure 4(a) . The dielectric constants of several solvents (i.e., ethanol, acetone, and water) were measured to calibrate the fixture. The synthesized BST nanopowders were dried in an oven overnight to remove residual water. The density of the powders was measured, then they were dispersed into the ethanol and DISPERBYK-103 mixed solution as per the designed volume fraction. Before measuring the slurries, the dielectric constant of solvent which was used for the dispersing media ( m were measured. The dielectric constant of ethanol and dispersant mixed solution ( r = 23 773) were slightly smaller than that of pure ethanol solution ( r = 24 215). Stable nanopowder slurries with a volume fraction of 2.5, 5, and 10 were prepared using the mixed solution. When the amount of powder was increased to a higher volume ratio, for example 20 vol%, the slurries became sludge-like. After this, they could not be controlled or injected by syringe into the fixture due to their very high viscosity. The dielectric permittivity ( of well-dispersed slurries having the design volume fraction (f from 0 to 10%) was measured and the obtained values were plotted in Figure 4(b) .
As the volume ratio of powder increased, the permittivity of the slurries increased and the differences became distinct. To obtain the permittivity value of the powder itself, the generalized mixture equation (Eq. 1), which is used to assume the effective dielectric permittivity, was applied.
In Eq. dielectric permittivity is decided by these factors. However, we considered the dielectric constant of the inclusions because the other parameters were directly measured by the designed apparatus, and the volume fractions were also known values. Therefore, the dielectric constant of the inclusions, which is the dielectric constant of the synthesized powder, was obtained under the assumption of 100 vol% of powder by calculating the extrapolation based Figure 4 (c) shows the extrapolation of the measured values. The extrapolated values of the powders, which were the calculated dielectric constant of powder alone, were plotted in Figure 4 (c) as a function of the molar concentration of Sr ions. Detailed information about the dielectric permittivity was summarized in Table II . The values calculated for the powders were smaller than those for the sintered ceramics. However, the general trend corresponds to the sintered ceramics as was reported by Zhou et al. 26 
CONCLUSIONS
The Ba 1−x Sr x TiO 3 (BST) (x = 0 2, 0.4, 0.6, 0.8) nanoparticles were successfully synthesized without any impurities such as BaCO 3 or SrCO 3 via a simple hydrothermal reaction. The addition of ethanol and diethylene glycol helps to enhance the uniformity of the synthesized BST nanoparticles by forming uniform, well dispersed colloidal initial particles. The change in the lattice parameter in relation to the Sr molar concentration was carefully observed via XRD. A simple apparatus was designed to measure the dielectric permittivity of the synthesized powders. The dielectric permittivity of slurry, for which different volume fraction of powder was dispersed in ethanol and dispersant mixed solution, was measured and extrapolated to obtain the dielectric permittivity of the powder alone. The change in dielectric permittivity according to Sr molar concentration corresponds to the sintered BST ceramics. The designed apparatus would be useful for the in-situ measurement of powder quality during the process of powder synthesis. 
